Otolith marking with enriched stable isotopes via immersion is a recent method of batch marking larval fish for a range of research and industrial applications. However, current immersion times and isotope concentrations required to successfully mark an otolith limit the utility of this technique. Osmotic induction improves incorporation and reduces immersion time for some chemical markers, but its effects on isotope incorporation into otoliths are unknown. Here, we tested the effects of osmotic induction over a range of different isotope concentrations and immersion times on relative mark success and strength for 26 Mg: 24 Mg, 86 Sr: 88 Sr and 137 Ba: 138 Ba on Atlantic salmon (Salmo salar) larvae. 71% and 100% mark success were achieved after 1 h of immersion for 86 Sr (75 mg L 21 ) and 137 Ba (30 mg L 21 ) isotopes, respectively. Compared with conventional immersion, osmotic induction improved overall mark strength for 86 Sr and 137 Ba isotopes by 26-116%, although this effect was only observed after 12 h of immersion and predominately for 86 Sr. The results demonstrate that osmotic induction reduces immersion times and the concentrations of isotope required to achieve successful marks. Osmotically induced isotope labels via larval immersion may prove a rapid and cost-effective way of batch marking fish larvae across a range of potential applications.
Introduction
Effective identification of fish through marking is essential for studies of movement and population connectivity Thorrold et al., 2002; Elsdon and Gillanders, 2003; Almany et al., 2007) , demography (McFarlane et al., 1990; McCormick and Hoey, 2004) , stock discrimination (Secor and Houde, 1995) , and stock enhancement efforts (Hilborn et al., 1990; Reinert et al., 1998; Munro et al., 2009) . Batch marking approaches are often widely used as tagging fish individually is labour intensive, expensive, stressful to fish, and can be disruptive to hatchery operations (Nielsen, 1992; Ennevor and Beames, 1993; Brown and Harris, 1995) . Ideally, batch marking methods should: (i) easily, inexpensively, and consistently tag fish en masse over most life history stages; (ii) be applicable to multiple species; (iii) minimize handling and stress; and (iv) produce permanent marks. Currently available batch marking techniques, however, often fail to satisfy all criteria, particularly for juvenile fish. Physical tags have problems with poor tag retention (Kaill et al., 1990; Munro et al., 2003) or health and welfare issues (Serafy et al., 1995; Buckland-Nicks et al., 2011) , fluorescent markers involve handling stress with risk of poor mark retention (Thomas et al., 1995; Reinert et al., 1998; van der Walt and Faragher, 2003; Thorrold et al., 2006) ; and thermal marking has a limited tagging window (eyed-egg to hatchling stage) and marks may be difficult to detect due to background variation (Volk et al., 1999) .
Otolith elemental marking using enriched stable isotopes is a recently developed alternative to these existing batch marking methods. Otoliths are made of calcium carbonate within an organic matrix and their chemical composition reflects the physicochemical properties of the ambient water in which the fish lives (Edmonds et al., 1989; Campana 1999; Elsdon et al., 2008) . Otolith marking using enriched stable isotopes works by altering the relative abundance of certain stable isotopes in the otolith, creating an artificial mark that is distinguishable from natural variations in isotope ratios (Walther and Thorrold, 2006; Williamson et al., 2009a; Webb et al., 2012) . In this way, unique isotopic "fingerprints" can be created which are detectable regardless of the size or life history stage of the recaptured fish. Several hundred unique otolith fingerprints can be potentially generated using different combinations of enriched barium and strontium isotopes alone. In addition, stable isotopes can be used safely at low dosages to mark fish without adverse effects on their health or on humans who may consume them (Williamson et al., 2009a, b) .
Although enriched stable isotope marking has been validated in several fish species Munro et al., 2009; Smith and Whitledge, 2011; Huelga-Suarez et al., 2012) , mark strength often varies with species, the concentration and isotope combination used, and at what stage in the life history the marker is delivered (Munro et al., 2008 Williamson et al., 2009a; Woodcock et al., 2011a, b) . Delivery methods for enriched stable isotopes include immersion (Walther and Thorrold, 2006; Munro et al., 2008; Woodcock et al., 2011a, b) , maternal transfer Almany et al., 2007; Kuroki et al., 2010) , dietary transfer (Woodcock et al., 2013) , and vaccine injection (Warren-Myers et al., in press) . Larval immersion has been successfully applied across several species with 100% mark success at relatively high concentrations of stable isotope and long immersion times (Walther and Thorrold, 2006; Munro et al., 2008; Woodcock et al., 2011a, b) . As such, the technique remains expensive and time consuming, and may be impractical for many applications, unless innovations can be made to improve labour and financial costs.
Osmotic induction is a technique for accelerating uptake of fluorescent chemical marks via immersion (Alcobendas et al. 1991; Mohler, 2003) . The method is based on creating an osmotic potential between the target fish and the marking solution, thus assisting uptake of the marker. This involves momentarily immersing the fish in a hypersaline bath before immersion in a solution spiked with the desired chemical marker, in this case enriched stable isotopes. Compared with conventional immersion techniques, this method promises to reduce the marking time by significantly increasing the marker uptake over a short period and has been successful with other chemical markers (Mohler, 2003; Negus and Tureson, 2004; Crook et al., 2007 Crook et al., , 2009 Smith et al., 2010; Campanella et al., 2013) .
Although osmotic induction has been used to accelerate the uptake of calcein and other fluorescent chemicals into calcified structures, whether the technique also reduces immersion times and improves uptake of stable isotope tags into otoliths remains unknown. Here, we evaluate the interactive effects of osmotic induction and conventional larval immersion on mark success and mark strength and detectability over a range of different isotope concentrations and immersion times, with the aim of improving the utility of enriched stable isotope marking via larval immersion for scientific and commercial purposes.
Materials and methods

Study species
Atlantic salmon (AquaGen strain) alevins from two mothers were sourced from the Institute of Marine Research (IMR) experimental farm located in Matre, Norway. All individuals were 33 days posthatch on the day of marking.
Experimental design
We tested the effects of osmotic induction (with or without), immersion time in isotope solution (1, 12, and 24 h), and isotope concentration (low or high) on mark strength and detectability in larval Atlantic salmon (Salmo salar) otoliths. Thus, the fully crossed design had a total of 12 treatments (osmotic induction (2 levels) × isotope concentration (2 levels) × immersion time (3 levels)). Additional fish were immersed for 24 h in unspiked water (control treatment) to determine the background isotope ratios in unmarked fish.
The low and high concentrations of enriched stable isotope were prepared using a triple isotope combination of 26 Mg, 86 Sr, and 137 Ba (Oak Ridge National Laboratory, Oak Ridge, TN, USA). The low-concentration solution contained: 26 MgCl (75 mg l 21 ), 86 SrCl (75 mg l 21 ), and 137 BaCl (30 mg l 21 ), while the high-concentration solution contained: 26 MgCl (250 mg l 21 ), 86 SrCl (250 mg l 21 ), and 137 BaCl (100 mg l 21 ). Isotope concentrations used were chosen based on previously used concentrations that achieved 100% mark success (Woodcock et al., 2011a, b; Warren-Myers et al., in press) .
Before the experimental manipulations, all alevins were kept in a 10 l holding tank with a lid to reduce light stress. Each treatment consisted of eight replicate fish. A replicate consisted of one randomly selected individual, which was transferred from the holding tank with a fine-mesh hand net into a 50 ml container. All 50 ml containers were partially submerged in water to regulate potential temperature fluctuations in the holding room (68C) where they were kept for 24 h. Fish were independent replicates as each treatment was separately applied to each fish.
For treatments with osmotic induction, a 5% NaCl solution was prepared from a mixture of pure water and non-iodized table salt. All treatment solutions were prepared the day before the experiment and kept at 68C. Individuals undergoing osmotic induction were immersed in a saline bath for 3.5 min, rinsed briefly in pure water, and transferred to separate 50 ml clear plastic containers with isotope solution. Individuals that did not undergo osmotic induction were immersed in a freshwater bath for 3.5 min and handled similarly to the osmotic induction treatment fish.
Immersion times in the isotope solutions lasted for 1, 12, or 24 h. Treatments running for ,24 h were removed from their treatment solution, rinsed, placed into another 50 ml container with pure water. After 24 h, all individuals from each treatment were placed into a common hatchery tank, grouped by treatment, and grown for 2 weeks to ensure incorporation of the isotope mark into the otolith.
Otolith preparation
Two weeks after isotope marking, all individuals were collected and euthanized using tricane methanol sulfate (MS222) Finquel w before otolith extraction. Otoliths were prepared following the method of Warren-Myers et al. (in press). The left and right sagittal otoliths ( 300 mm in diameter along the transverse axis) were extracted from each larva and stored in clear eppendorf microtubes with the aid of a pair of fine-tipped tweezers and a dissecting microscope. Any remaining organic tissue was removed by immersing the otolith in a solution of ultrapure 15% H 2 O 2 buffered with 0.1 M NaOH. Following immersion, otoliths were ultra-sonicated for 5 min and allowed to sit. After 6 h, the cleaning solution was aspirated off and otoliths were transferred through three Milli-Q water rinses, each of which consisted of 5 min ultrasonication and 30 min resting time. Otoliths were then allowed Osmotic induction improves batch marking to air dry in a Class 100 laminar flow bench for at least 24 h. Once dry, one randomly selected otolith from each alevin was fixed onto a gridded 8 × 8 microscope slide sulcus side down using cyanoacrylate glue.
Otolith analysis
Stable isotope analyses were done on a Varian 7700x Inductively Coupled Plasma Mass Spectrometer (ICP-MS) fitted with a HelEx (Laurin Technic and the Australian National University) laser ablation (LA) system constructed around a Compex 110 (Lambda Physik) excimer laser operating at 193 nm. A 612 NIST (National Institute of Standards and Technology) glass standard doped with trace elements at known concentrations was used to calibrate the system. Otoliths were run in blocks of 16 samples selected randomly from all treatments and bracketed by analyses of the standard. Samples and the standard were analysed in time-resolved mode (where each 0.331 s acquisition resulted in one mass scan of each isotope), using a stationary laser with spot size of 157 mm, an energy setting of 60 mJ and a repetition rate of 5 Hz. Ablation was performed under pure He (200 ml/min) to minimize redeposition of ablated material and the sample was then entrained into the Ar (0.95 ml/min) carrier gas flow to the ICP-MS. Using this method, we were able to quantify the concentrations of 24 Mg, 26 Mg, 43 Ca, 86 Sr, 87 Sr, 88 Sr, 134 Ba, 135 Ba, 136 Ba, 137 Ba, and 138 Ba in the outer layers above the core of salmon alevin otoliths. Data were processed off-line using an MS Excel template which involved a low pass filter to remove any spikes (a single scan value .2x the median of the adjacent scans), smoothing (a running average of three scans), and blank subtracting functions. A correction factor (K ¼ R true /R obs , where R true is the naturally occurring isotope ratio and R obs is the average isotope ratio measured in the NIST 612 standard run before and after each set of 16 samples) was applied to all sample scans to correct for mass bias.
Statistical analyses
All tests were based on the ratios from the first 100 scans for each sample as this defined the limit of the region of the otolith that was potentially marked (Figure 1 ). Beyond that, the laser was primarily sampling otolith material deposited before marking. Limits of detection (LODs) were calculated using the average isotope ratios from all control fish. Detection limits were set at 3.3 standard deviations above the mean control observed ratio. Hence, fish with 26 Mg: 24 Mg, 86 Sr: 88 Sr, and 137 Ba: 138 Ba ratios that were .3.3 standard deviations above the average ratio in control fish for at least three consecutive acquisitions were deemed successfully tagged. This criterion was chosen to ensure a mark success determination of .99.94%.
We used a three-way analysis of variance (ANOVA) to determine whether osmotic induction, isotope concentration, or immersion time affected the maximum isotope ratio (MIR) or the percentage of scans above the LOD (SAD). Post-hoc Tukey's tests were used for significant effects of immersion time and interactions. Logtransformations were applied where data did not meet assumptions of normality and homogeneity of variance.
Results
Survival
Across all experimental treatments, 100% of the alevins survived the 2-week period before sampling.
Mark success
Mark success varied with isotope, concentration, immersion time, and whether or not osmotic induction was used (Table 1) . Mark success for 26 Mg ranged from 0 to 14% across treatments without any clear pattern between mark success and treatment. For 86 Sr, 100% mark success was achieved in all 12 and 24 h treatments. However, in 1 h immersion treatments, mark success for 86 Sr depended on concentration and osmotic induction. The high 86 Sr Figure 1 . Example isotope ratio profiles of the first 100 scans from a marked otolith (black line) and an unmarked otolith (grey line) for concentration with osmotic induction produced 100% mark success, but only 88% mark success without osmotic induction. For the low 86 Sr concentration, mark success was 71% with and 38% without, osmotic induction. 100% mark success was achieved with 137 Ba across all treatments.
Mark strength
MIR and SAD were only analysed for 86 Sr: 88 Sr and 137 Ba: 138 Ba. The 26 Mg: 24 Mg enrichment did not produce enough scans with ratios above the detection limit to warrant further analysis.
Maximum isotope ratio
MIRs for 86 Sr varied depending on osmotic induction, immersion time, and concentration (Figure 2, Table 2 ; p ¼ 0.008 for three-way interaction). The three-way combination of osmotic induction, high isotope concentration, and the longer immersion times of 12 or 24 h produced significantly higher maximum ratios (255%, on average) compared with all other treatments (Table 2) .
Across treatments, osmotic induction, higher isotope concentrations, and increased immersion time (1 h vs. 12 and 24 h) all increased, on average, the maximum ratio for 137 Ba observed within an otolith by 14, 25, and 75%, respectively ( Figure 2 , Figure 2 . Relative mark strength among treatments for maximum isotope ratio and number of scans above the LOD (SAD). Each bar (greywithout osmotic induction; black-with osmotic induction) represents the mean of eight otoliths, except where asterisks indicate the mean of seven otoliths. Error bars are standard error. Note: statistical tests were performed on log-transformed data. 
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Scans above detection
The percentage of scans above detection (SAD) for 86 Sr increased with both immersion time and concentration ( Figure 2 , Table 3 ; p , 0.001 for both). The 12 and 24 h immersion times improved mark strength by, on average, 219% ( (Table 3 ; p . 0.1 for all interaction terms).
The percentage of scans above the LOD for 137 Ba showed an immersion time by concentration interaction (Table 3 ; p ¼ 0.03), while osmotic induction had no effect (p ¼ 0.22). All fish had 100% of SAD except for five individuals in the 1 h, lowconcentration treatment.
Discussion
We have demonstrated that osmotic induction can substantially improve isotope marker uptake in otoliths. Furthermore, successful incorporation of 86 Sr and 137 Ba isotope marks was achieved after an immersion time of only 1 h. The results support the viability of osmotically induced isotope labels via larval immersion as a means of quickly and effectively marking larval fish en masse and paves the way for further investigations aimed at optimizing isotope larval immersion techniques. No mortality occurred up to 2 weeks after marking. Although osmotic induction can cause buoyancy issues in larvae of other fish species (Crook et al., 2007; Campanella et al., 2013) , we observed no such effect, nor any obvious differences in behaviour or condition among treatments (E de Braux and F Warren-Myers, pers. obs.). Although enriched isotope marking of otoliths causes no long-term health effects in other species (Williamson et al., 2009a; Roy et al., 2013) , future work must assess welfare and production parameters through the full life cycle to rule out any latent or longterm effects of this marking method.
Mark success
Osmotic induction, isotope concentration, and immersion time interacted to affect both the success rate and strength of mark delivered to the otoliths of Atlantic salmon alevins. Seventy-one per cent mark success was achieved for 86 Sr and 100% for 137 Ba after 1 h of immersion using the low-concentration isotope mixture (75 and 30 mg l 21 of 86 Sr and 137 Ba, respectively) with osmotic induction. This is the shortest successful incorporation of a stable isotope mark to date (Table 4 ). Only 25% of the otoliths that were unsuccessfully marked came from groups that underwent osmotic induction. This indicates the possibility that osmotic induction improves mark success for 86 Sr isotopes, which were less readily incorporated into otoliths than 137 Ba isotopes. Further investigation to quantify the effect of osmotic induction on mark success for both barium and strontium isotopes is warranted, as lower concentrations and/or shorter immersion times might be able to achieve 100% mark success but at reduced financial and logistical costs.
Mark strength Osmotic induction
The use of osmotic induction contributed substantially to overall mark strength for both strontium and barium isotopes compared with direct immersion, as has been demonstrated with other chemical markers (Mohler, 2003; Negus and Tureson, 2004; Crook et al., 2007 Crook et al., , 2009 Smith et al., 2010; Campanella et al., 2013) . The saline bath creates a hyperosmotic external environment, which results in water loss mainly across the gills and skin of the fish (Conte, 1969; Holliday, 1969) . Subsequent immersion in the marker solution assists uptake due to the resulting osmotic difference between the fish and the solution during "rehydration" via osmosis (Mohler, 2003) . The effect of osmotic induction could be enhanced by increasing the salt bath salinity (Negus and Tureson, 2004) or by lengthening the immersion time , as the larvae of many species can withstand relatively high salinity variations (Holliday, 1969) . Optimal immersion time appears to lie between 1 and 12 h, but longer immersion times generally produced stronger marks.
Concentration of isotope solution
Compared with low-concentration isotope solutions, high concentrations predictably enhanced mark strength for both strontium and barium isotopes. Higher concentration marking solutions result in greater mark uptake for enriched isotopes over longer periods (Munro et al., 2008; Woodcock et al., 2011a, b) . Depending on the marking application, the relative cost of the high-concentration isotope for Sr and Ba may diminish its benefits compared with osmotic induction and longer immersion times. Although isotope concentrations directly affect marking costs and should be minimized, the practical limitations of certain marking efforts may allow for higher concentrations when time is a factor. The 100% marking success achieved for barium suggests that optimal marking concentrations are lower than the 30 mg l 21 used in this study. In addition, the potential exists to reuse the marker solution for multiple batches, although dilution rates after multiple immersions would need to be calculated.
Immersion times
As expected, longer immersion treatments substantially improved mark strength compared with 1 h immersion times for 86 Sr and 137 Ba across treatments. Although 1 h immersion times achieved ,90% mark success for strontium and barium, 12 h immersion time guaranteed 100% mark success and delivered greater mark strength. Among all other isotope immersion studies, Woodcock et al. (2011a) achieved the fastest method that delivered 100% mark success for golden perch with 30 mg l 21 of 137 Ba after 1 day of immersion (Table 2) . In this study, we cut the time to mark 100% of otoliths with 30 mg l 21 of 137 Ba to 1 h. Moreover, we achieved 87.5% mark success for 86 Sr with 1 h immersion times, indicating an immersion time between 1 and 12 h would reliably mark 100% of otoliths.
Combined effects
Uptake of 86 Sr and 137 Ba was positively influenced by the combined effects of osmotic induction, high-concentration solutions and longer immersion times. Osmotic induction worked best with longer immersion times. However, there was no evidence to suggest that osmotic induction enhances mark strength for 1 h immersion times, although the positive effects of this technique have been seen after ,10 min of immersion with calcein and alizarin red S fluorescent markers (Mohler, 2003; Crook et al., 2007 Crook et al., , 2009 Campanella et al., 2013) . This indicates that osmotic induction may be best employed in situations where immersion times exceed 12 h, unless the induction effect is somehow enhanced through optimization. Longer immersion times with highconcentration solutions combined made a significant difference to 86 Sr isotope mark strength, a difference that was 20 -25% greater than osmotic induction combined with either longer Sr and 137 Ba isotope mark strength, longer immersion times accounted for 58% of the total contribution, while highconcentration solutions and osmotic induction represented 25 and 17% of the total contribution, respectively. These findings suggest the following order for strength of influence on overall mark strength for 86 Sr and 137 Ba isotopes: longer immersion times . high-concentration solutions . osmotic induction. The relative influence of each of these factors on mark strength suggests that optimization may be achieved through osmotic induction with a low-concentration solution and 12 h of immersion. These interacting effects should be further evaluated by modifying their relative strengths to attain 100% mark success without compromising mark strength and detectability. This could be achieved by strengthening the osmotic induction effect, increasing the concentration of the isotope solutions, or lengthening the immersion time.
Relative incorporation of different elements Strontium and barium
Overall, barium incorporation was more successful than strontium, even given the lower concentrations in the spike solution, presumably due to greater uptake and incorporation into otoliths, with relatively little influence of the different treatments. The 86 Sr mark was often less diffuse and returned to background levels more quickly during depth profiling compared with 137 Ba, which was often a broad peak that was highly elevated and above background throughout the whole profile. Such differences could reflect different uptake and incorporation pathways, particularly as some studies have observed a lag in Sr incorporation in otoliths (e.g. Elsdon and Gillanders 2005) . Alternatively, it could be a methodological artefact of a longer washout time for Ba given the higher enrichment observed. However, previous tests of the laser ablation system used in the present study have documented negligible cross-contamination while depth profiling through heterogeneous material (Woodhead et al., 2004) . High-resolution laser profiling along the growth axis of sectioned otoliths are necessary to fully resolve this question.
Magnesium
Treatments with 24 Mg isotopes marked only 5% of otoliths, making magnesium unsuitable for enriched isotope marking via immersion. Other isotope immersion studies have encountered difficulties with 24 Mg incorporation (Munro et al., 2008; Woodcock et al., 2011a, b) . As Mg is a physiologically essential element, it is tightly regulated by fish (Shearer and Asgard, 1992) . It is also an abundant minor element in fish tissue, and only 1 -2% of Mg ions are transported into the endolymph fluid due to a relatively slow exchange rate in body tissue compared with Ca (Maguire and Cowan, 2002) . Consequently, changing the Mg isotopic composition of otoliths will likely require concentrations and immersion times that are not logistically feasible.
Marking costs
For all applications, the cost of marking is an important consideration. Marking costs were approximately $US 0.14 per larva for 86 Sr (based on 250 mg/l, 1 h osmotic immersion with 100% mark success) and $US 0.007 per larva for 137 Ba (based on 30 mg/l, 1 h osmotic immersion with 100% mark success). These costs could be driven significantly lower with further optimization of the technique by determining the minimum concentration required to make an unequivocal mark given the duration of osmotic induction, the salinity of the solution, and the duration of immersion in the spiked water. Furthermore, we used only the equivalent of 20 larvae per litre of immersion solution, whereas other studies have immersed 200 to 500 larvae per litre, which suggests costs could be lowered by a factor of 10-25 with this simple optimization. Labour and sample analysis costs associated with marker detection will also need to be considered when assessing the viability of this approach.
Potential applications
Osmotically induced isotope labels via larval immersion is an efficient, reliable, and practical way to batch mark fish, with the potential to create unique marks or "fingerprints" using different stable isotope combinations. With only stable barium and strontium isotopes, hundreds of unique combinations are possible, which makes the technique suitable for a wide range of applications, such as evaluating the success of restocking programmes, the impacts of farmed fish escapees on wild stocks, and for mark-recapture studies investigating fish movement and mortality.
